Introduction {#sec1}
============

Proton-conducting polymers have attracted considerable attention because they play a central role as electrolyte membranes in hydrogen fuel cells and artificial photosynthesis.^[@ref1]−[@ref3]^ The most widely studied membranes are based on sulfonated polymers such as Nafion.^[@ref4],[@ref5]^ Nafion is a semicrystalline random copolymer of hydrophobic tetrafluoroethylene and hydrophilic perfluoroether side chains that have terminal sulfonic acid groups. In the dry state, the ionic groups are sequestered in clusters in a hydrophobic tetrafluoroethylene-rich matrix, and Nafion is an insulator. In the wet state, a percolating network of hydrated channels emerges within the hydrophobic matrix by self-assembly, resulting in a mechanically robust proton conducting material. Although numerous papers have been written on this transformation,^[@ref6]−[@ref20]^ there is still considerable debate surrounding the nanoscale morphology of the hydrated channels. Several groups have embarked on studies of block copolymers comprising a sulfonated block that enables proton conduction and a hydrophobic block that provides the membrane with mechanical integrity.^[@ref21]−[@ref26]^ The morphology of the conducting channels in these systems can be readily determined by scattering techniques (either X-ray or neutron scattering) or electron microscopy.

During typical application conditions, polymer electrolyte membranes are exposed to air, and thus the extent of hydration of the membrane is determined by the partitioning of water between the membrane and the surrounding gas phase. As a result, sulfonic acid-based membranes are ineffective proton transporters at high temperatures (above 80 °C), since very little water is retained at high temperatures.^[@ref27]−[@ref30]^ This limitation has motivated studies of polymers functionalized with other acidic or protogenic groups.^[@ref31]−[@ref33]^ Phosphonated polymers are attractive systems for several reasons. First, they exhibit efficient proton transport under low water uptake conditions. This is attributed to a higher degree of hydrogen bonding which promotes proton transport by the Grothuss mechanism.^[@ref34]^ Second, the phosphonic acid group can release two protons instead of one because phosphonate are dibasic as compared to sulfonates which are monobasic. Third, phosphonated polymers often show higher chemical and thermal stability, relative to sulfonic acid moieties, in part due to their higher p*K*~a~'s.^[@ref33]^ In spite of these advantages, relatively few studies of phosphonated polymers have been reported.^[@ref35]^ This is likely because there are no convenient synthetic routes to phosphonated polymers. In fact, all of the studies of proton transport in phosphonated polymer systems have been restricted to random copolymers. While proton conductivities ranging from 10^--6^ to 10^--1^ S/cm have been reported for such copolymers,^[@ref17]^ the relationship between morphology and conductivity has not yet been explored.

Herein we report the synthesis and characterization of a family of well-defined phosphonate diblock copolymers: poly-*N*-(2-ethyl)hexylglycine-*block*-poly-*N*-phosphonomethylglycine (pNeh-*b*-pNpm). Polypeptoids are a family of comb-like polymers based on an N-substituted glycine backbone.^[@ref36],[@ref37]^ Iterative solid-phase synthesis enables the efficient synthesis of polymers with precise control over chain length and copolymer composition.^[@ref38]−[@ref40]^ The dispersity of the copolymers (*Đ*) was less than 1.0003. Microphase separation and hydration results in the formation of pNpm-rich domains that conduct protons in the hydrated state. Here we study the relationship between morphology and proton transport for a family of diblocks containing varying volume fractions of each block.

Experimental Section {#sec2}
====================

Synthesis of Monomers {#sec2.1}
---------------------

### Di-*tert*-butyl(phthalimidomethyl)phosphonate {#sec2.1.1}

In a round-bottom flask, 17.5 g of potassium bis(trimethylsilyl)amide (88 mmol) was suspended in 200 mL of anhydrous tetrahydrofuran (THF) and cooled to −40 °C. 17 g of di-*tert*-butyl phosphite (88 mmol) was added over 20 min. After addition, the flask was warmed to 0 °C and stirred for 30 min. The solution was cooled to −40 °C, and 21 g of *N*-(bromomethyl)phthalimide (Aldrich) in 150 mL of anhydrous THF was added dropwise. After addition, the flask was warmed to room temperature and stirred for 1 h. The solvent was removed under vacuum. The residue was partitioned between 1 L of ethyl acetate and 100 mL of water. The organic layer was washed with water (100 mL), saturated aqueous sodium bicarbonate (100 mL), and brine (100 mL), dried over sodium sulfate, filtered, and concentrated to give an oily solid (32.2 g). The solid was purified by flash chromatography (60 hexanes/39.9 ethyl acetate/0.1 triethylamine), resulting in 19 g (65%) of a white solid. ^1^H NMR (500 MHz, CDCl~3~): *d* = 7.89 (t, 2H, CH=C**H**--CH), 7.75 (d, 2H, C=C**H**--CH), 4.03 (d, *J* = 10, 2H, N--CH~2~--P), 1.55 (s, 18H, C--(CH~3~)~3~).

### Di-*tert*-butyl(aminomethyl)phosphonate {#sec2.1.2}

The di-*tert*-butyl(phthalimidomethyl)phosphonate (19 g, 54 mmol) was dissolved in 200 mL of absolute ethanol. Methylhydrazine (9.9 g, 215 mmol) was added dropwise, and the solution was stirred overnight. The solution was concentrated in vacuum, and 250 mL of dichloromethane (DCM) was added. The white solid was removed by filtration and rinsed two times with DCM (100 mL). The filtrate was washed with water (5 × 75 mL) and brine (75 mL), dried over sodium sulfate, and concentrated to yield 11.9 g (99%) of pale yellow oil. ^1^H NMR (500 MHz, CDCl~3~): δ = 2.88 (d, *J* = 10, 2H, NH~2~--CH~2~--P), 1.54 (s, 18H, C--(CH~3~)~3~).

Synthesis of Peptoid Polymers {#sec2.2}
-----------------------------

Polypeptoids were synthesized on an automated robotic synthesizer or a commercial Aapptec Apex 396 robotic synthesizer on 100 mg of Rink amide polystyrene resin (0.61 mmol/g, Novabiochem, San Diego, CA). The protected phosphonate submonomer, di-*tert*-butyl(aminomethyl)phosphonate, was synthesized by a modification of previously reported methods.^[@ref41],[@ref42]^ All the other monomers, solvents, and reagents described here were purchased from commercial sources and used without further purification. The 2-ethyl-1-hexylamine submonomer was used as the racemic mixture. Peptoids were synthesized by a slightly modified version of the solid-phase submonomer method previously described.^[@ref40],[@ref43]^ The Fmoc group on the resin was deprotected with 20% (v/v) 4-methylpiperidine/DMF before starting the monomer cycle. An acylation step was then performed on the amino resin by the addition of 1.0 mL of 1.2 M bromoacetic acid in DMF and 0.18 mL of *N*,*N*′-diisopropylcarbodiimide (DIC, 1.15 mmol, neat) and mixing for 20 min. Displacement of the bromide with various monomers occurred by adding a 1.0--2.0 M solution of the primary amine in *N*-methyl-2-pyrrolidone, followed by agitation for 120 min. All the polymers were acetylated on the resin after synthesis using a mixture (2.0 mL per 100 mg of resin) of 0.4 M acetic anhydride and 0.4 M pyridine in DMF for 30 min. The crude peptoid products were cleaved from the resin by the addition of 95% (v/v) trifluoracetic acid (TFA) in H~2~O for 1 h, followed by evaporation. The crude products were then directly precipitated from water. The final polypeptoids were then lyophilized prior to subsequent measurements.

The molecular weight of each final product was characterized by electrospray ionization (ESI) mass spectrum from a solution (50 mM in methanol), containing a trace of triethylamine. The molecular weight of the polypeptoid pNeh~9~-*b*-pNpm~9~ was determined by matrix-assisted laser desorption/ionization mass spectrometry (Applied Biosystems MALDI TOF/TOF Analyzer 4800) with a 1:1 (v/v) mixture of peptoid \[2 mg/mL in 1:1 (50:50 THF:methanol):water\] and α-cyano-4-hydroxycinnamic acid dissolved in THF at saturated concentration.

All polymers were characterized by ^1^H NMR (500 MHz, CD~3~OD), shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00353/suppl_file/ma6b00353_si_001.pdf). The peaks marked with b (at 4.4 ppm, NC**H**~2~CO in pNeh), a (at 4.2 ppm, NC**H**~2~CO in pNpm), c (at 3.3 ppm, NC**H**~2~CH), and d (at 3.9 ppm, NC**H**~2~P) are assigned to the protons of the pNeh and pNpm blocks. The peaks e--j (at 0.9--1.8 ppm) can be assigned to the protons of the alkyl group in the pNeh blocks.

Density Measurement {#sec2.3}
-------------------

The density of polypeptoids was measured using a density gradient column with a sucrose solution at room temperature as previously described.^[@ref44]^ An aqueous sucrose gradient was used in the density gradient column method. The measured density was used to calculate the volume fraction of the polypeptoids. The densities of pNpm and pNte were measured to be 1.13 ± 0.01 and 1.23 ± 0.01 g/cm^3^.

Differential Scanning Calorimetry (DSC) {#sec2.4}
---------------------------------------

Differential scanning calorimetry (DSC) experiments were performed to determine the thermal behavior of the synthesized peptoids using a TA Q200 differential scanning calorimeter. In all tests, a scan rate of 10 K/min was used in the temperature range of −20 to 200 °C for three heating and cooling cycles.

Thermogravimetric Analysis (TGA) {#sec2.5}
--------------------------------

Samples were characterized using a TA Instruments TGA to investigate degradation temperatures by mass loss. Approximately 5.0 mg of lyophilized peptoid powder was placed on an aluminum sample pan. Samples were equilibrated at 30 °C for 20 min and then heated to 500 °C at 5 °C/min under a nitrogen atmosphere.

Water Uptake {#sec2.6}
------------

Water uptake of pNeh-*b*-pNpm equilibrated in humid air was measured in a humidity-controlled environmental chamber (SH-241, Espec. Corp). A small piece of water-equilibrated sample was placed in a quartz pan which was hooked on the end of a quartz spring (Deerslayer) in the humidity chamber. Samples were equilibrated at the humidity level of interest for 12 h before measurements were recorded. The weight of the wet sample, *W*~wet~, was obtained by measuring spring length through a port on the wall of the humidity chamber by a cathetometer equipped with an optical zoom telescope located outside the chamber. Care was taken to minimize the time when the port was opened (typically 10 s). The spring was calibrated with standard masses at experimental temperatures and relative humidity in the chamber before use (spring constant was about 0.5 mN/mm). The sample pellet was dried in vacuum at 40 °C for 24 h. It was allowed to cool down in a desiccator before the dry sample weight, *W*~dry~, was measured. Water uptake is given by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.The ion exchange capacity (IEC) and the number of water molecules per phosphoric acid group (hydration number), λ, were calculated from water uptake:where MW~H~2~O~ = 18.02 g/mol.

Small/Wide-Angle X-ray Scattering (SAXS/WAXS) {#sec2.7}
---------------------------------------------

The block copolypeptoid was dissolved in a 1:1 (v/v) mixture of methanol and tetrahydrofuran and stirred overnight. The solution was then cast on ultraclean Kapton film on a custom-built solvent caster maintained at 35 °C, using a doctor blade. The concentration of the solution and the height of the doctor blade were adjusted to obtain a membrane with a thickness of ∼120 μm. The membrane was dried under vacuum overnight, annealed at relative humidity (RH) = 98%, and dried again before measurements. All of these steps were carried out at room temperature. Because of the lack of access to a humidity-controlled chamber appropriate for SAXS experiments, wet samples were prepared by placing the cast samples (with the Kapton substrate) in a closed SAXS sample stage containing water. Samples were equilibrated for 2 h before measurements were taken. Synchrotron SAXS was performed at beamline 7.3.3 at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). A silver behenate sample was used as a standard. Full two-dimensional scattering patterns were collected on an ADSC CCD detector. The scattering patterns from ALS were reduced using the Nika program for Igor Pro available from Jan Ilavsky at Argonne National Laboratory.^[@ref45]^

Transmission Electron Microscopy (TEM) {#sec2.8}
--------------------------------------

Ultrathin films of peptoid diblock copolymers were prepared by drop casting 0.1 wt % MeOH/THF 50:50 solutions on the gold grids that covered by lacey carbon supporting films. All grids were annealed in the same humidity chamber described above at 25 °C, relative humidity 98% for 24 h. The annealed films were dried either partially by storing them stored in air (35% humidity) or fully under ultrahigh vacuum (lower than 10^--7^ Torr) in the transmission electron microscope column. Samples were imaged without any staining using both energy filtered transmission electron microscopy (EFTEM) at a 200 kV acceleration voltage with a slit width of 20 eV on a Tecnai F20 (FEI Company. Netherlands). The thickness of the ultrathin films, which was estimated by using electron energy loss spectroscopy, was between 60 and 80 nm.

Conductivity Measurements {#sec2.9}
-------------------------

The block copolypeptoid membranes with thicknesses of about 40 μm were obtained by methods described in the SAXS experimental section. In-plane proton conductivity of membranes equilibrated in humid air was measured in the same humidity chamber as that used in the water uptake measurements by ac impedance spectroscopy using platinum electrodes in the standard four-probe configuration using a BekkTech sample clamp. Data were collected over a frequency range of 1 Hz--100 kHz. The membrane was allowed to equilibrate at each humidity level for 24 h before a measurement was made. The conductivity, σ, is given by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}:where *w* and *h* are width and thickness of the membrane, respectively, *R* is the touchdown of the Nyquist semicircle on the real axis, and *l* is the distance between the inner platinum electrodes.

Results and Discussion {#sec3}
======================

The volume fraction of the phosphonate block (Npm) was varied from 0.13 to 0.44 in order to obtain a variety of nanoscale morphologies and thus probe the impact of morphology on conductivity. The Neh block, made from a racemic monomer, was chosen as the hydrophobic structural block and is known to be amorphous.^[@ref40]^ The structure of the synthesized block copolypeptoids is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Block molecular weights and purity characteristics are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Structure of block copolypeptoid poly-*N*-(2-ethyl)hexylglycine-*block*-poly-*N*-phosphonomethylglycine, or pNeh~n~-*b*-pNpm~m~; *n* and *m* are the degrees of polymerization of pNeh (green) and pNpm (red) blocks, respectively.](ma-2016-00353x_0002){#fig1}

We first investigated the thermal properties of the block copolymers by TGA and DSC. TGA results show that degradation of the block copolypeptoids begins at 300 °C, indicating stability of the *N*-phosphonomethylglycine units ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00353/suppl_file/ma6b00353_si_001.pdf)). The lack of melting peaks and crystallization exotherms in DSC data (not shown) indicate that, as expected, all of the pNeh-*b*-pNpm copolymers are amorphous.

###### Characteristics of the Block Copolypeptoid pNeh~n~-*b*-pNpm~m~ Synthesized

  peptoids                ϕ~Npm~   molar mass[a](#t1fn1){ref-type="table-fn"} (g/mol, calc/obs)   molar mass[b](#t1fn2){ref-type="table-fn"} (g/mol)   dispersity (*Đ*)[c](#t1fn3){ref-type="table-fn"}
  ----------------------- -------- -------------------------------------------------------------- ---------------------------------------------------- --------------------------------------------------
  pNeh~9~-*b*-pNpm~9~     0.44     2941.4/2941.4                                                  2942.8                                               1.0003
  pNeh~18~-*b*-pNpm~18~   0.44     5823.8/5824.7                                                                                                       1.0001
  pNeh~26~-*b*-pNpm~10~   0.23     5969.9/5970.9                                                                                                       1.0001
  pNeh~30~-*b*-pNpm~6~    0.13     6042.5/6043.4                                                                                                       1.0002

As determined by ESI.

As determined by MALDI.

PDI is estimated based on the ESI and MALDI data as described in ref ([@ref40]).

![Plots of hydration number, λ, as a function of volume fraction of the Npm block (ϕ~Npm~), in the dry state at 25 °C. Circles: RH = 50%; squares: RH = 98%. Open symbols: *m* + *n* = 36. Filled symbols: *m* + *n* = 18. To a good approximation, hydration number is independent of block copolymer composition and chain length.](ma-2016-00353x_0003){#fig2}

The water uptake properties of the phosphonated peptoid block copolymers are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, where the number of water molecules per phosphonate group or hydration number, λ, is plotted as a function of the dry block copolymer volume fraction, ϕ~Npm~, at relative humidities (RH) of 50% and 98%. The volume fractions of the pNpm-rich microphases in the wet state, ϕ~Npm,wet~, were determined from the water uptake measurements and known copolymer compositions, assuming perfect microphase separation and neglecting volume changes on mixing, and these values are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. As seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, λ is largely independent of block copolymer composition and chain length. The average value of λ at RH = 98% is 7.8, while that at RH = 50% is 1.2. These values are substantially lower than those obtained in sulfonated block copolymers. Typical values of λ at RH = 98% in sulfonated block copolymers is 13.^[@ref46]^

![SAXS profiles at room temperatures for pNeh~18~-*b*-pNpm~18~, pNeh~26~-*b*-pNpm~10~, pNeh~30~-*b*-pNpm~6~, and pNeh~9~-*b*-pNpm~9~ in dry (red) and hydrated (blue) states.](ma-2016-00353x_0004){#fig3}

The phase behavior of the pNeh-*b*-pNpm block copolymers in dry and hydrated states was studied by SAXS. We report data obtained from dry samples that were exposed to air (RH = 35%) and wet samples placed in a closed SAXS sample stage containing water. Lacking a better alternative, we assume that the SAXS data from the wet samples indicate the sample morphology at RH = 98% (the relative humidity at which proton conductivity and water uptake was measured). SAXS intensity is plotted as a function of the magnitude of the scattering vector, *q*, in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Under dry conditions, most samples exhibit a primary peak at *q* = *q*\* and a second-order peak at *q* = 2*q*\*, consistent with the presence of a lamellar phase. Additional higher order peaks at *q* = 3*q*\*, 4*q*\*, and 5*q*\* are seen in some of the samples; these higher order peaks are also consistent with a lamellar phase. In all cases except pNeh~30~-*b*-pNpm~6~, the peaks are relatively sharp, indicating the presence of well-ordered lamellar morphologies. In contrast, the SAXS peaks of dry pNeh~30~-*b*-pNpm~6~ are broad, suggesting a disordered morphology. The primary peak of the pNeh~26~-*b*-pNpm~10~ sample has a high-*q* shoulder that is absent in the higher order peaks. We do not know the reason for this observation. The observation of lamellar morphologies in this composition window is consistent with a previous study of amorphous peptoid diblock copolymers,^[@ref40]^ where we reported the formation of lamellar phases, irrespective of block copolymer composition. The characteristic length of the periodic structure, *d*, is given by *d* = 2π/*q*\*. The values of *d* thus obtained are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. At a fixed chain length of 36 (*m* + *n* = 36), *d* decreases from 10.3 to 8.2 nm as ϕ~Npm~ decreases from 0.44 to 0.13, consistent with the classical theory on block copolymer self-assembly by Leibler.^[@ref47]^ Not surprisingly, *d* is dependent on the chain length (*m* + *n*); at fixed ϕ~Npm~ = 0.44, *d* decreases from 10.3 to 6.1 nm, as *m* + *n* decreases from 36 to 18.

###### Characteristics of pNeh-*b*-pNpm Copolymers[a](#t2fn1){ref-type="table-fn"}

  polypeptoids            ϕ~Npm~   ϕ~Npm,wet~ (RH = 50%)   ϕ~Npm,wet~ (RH = 98%)   morphology (dry)      morphology (RH = 98%) (hydrated)   *d* (nm)   *d*~wet~ (nm)   λ (RH = 98%)   conductivity (mS/cm) (RH = 98%)
  ----------------------- -------- ----------------------- ----------------------- --------------------- ---------------------------------- ---------- --------------- -------------- ---------------------------------
  pNeh~9~-*b*-pNpm~9~     0.44     0.46                    0.60                    lamellar              hexagonal                          6.1        6.8             7.05           1.9
  pNeh~18~-*b*-pNpm~18~   0.44     0.48                    0.63                    lamellar              lamellar                           10.3       11.9            9.22           8.1
  pNeh~26~-*b*-pNpm~10~   0.23     0.25                    0.39                    lamellar              lamellar                           11.1       12.0            8.59           1.6
  pNeh~30~-*b*-pNpm~6~    0.13     0.16                    0.22                    disordered lamellar   disordered lamellar                8.2        8.6             6.17           N/A

*d* is the center-to-center distance between adjacent pNpm lamellae in the air. *d*~wet~ is the center-to-center distance between adjacent pNpm lamellae at RH = 98%. ϕ~Npm~ is the volume fraction of the pNpm block in the air. ϕ~Npm,wet~ is the volume fraction of the pNpm block at RH = 98% and 50%. The data are assumed ideal mixing. N/A is not avaiable. λ = water uptake (%) × 10/(MW~H~2~O~ × IEC).

The morphology of dry pNeh-*b*-pNpm copolymers was also studied by dark field TEM as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It is important to note that our sample preparation approach, described in the [Experimental Section](#sec2){ref-type="other"}, results in the self-assembly of morphologies in free-standing films with thicknesses between 60 and 80 nm. (Attempts to use a cryogenic microtome to obtain sections were not successful.) In a previous study, it was shown that free-standing films of this nature can exhibit morphologies that are similar but not identical to the bulk morphology.^[@ref48]^ In [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [4](#fig4){ref-type="fig"}b we show micrographs of pNeh~9~-*b*-pNpm~9~ and pNeh~18~-*b*-pNpm~18~. Lamellar microphases with poor long-range order are seen in pNeh~9~-*b*-pNpm~9~. A higher degree of long-range lamellar structure is seen in pNeh~18~-*b*-pNpm~18~. In contrast, the pNeh~26~-*b*-pNpm~10~ samples exhibited honeycomb morphologies by TEM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Inside the honeycombs, pNeh~26~-*b*-pNpm~10~ exhibits lamellae arranged like an onion. The micrograph of pNeh~30~-*b*-pNpm~6~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) has a similar lamellar structure to that of pNeh~18~-*b*-pNpm~18~. The lamellae seen in the micrographs of pNeh~9~-*b*-pNpm~9~, pNeh~18~-*b*-pNpm~18~, and pNeh~26~-*b*-pNpm~10~ are consistent with the distances observed by SAXS. In contrast, the lamellar structure inside the honeycombs in pNeh~30~-*b*-pNpm~6~ appears disordered, consistent with the broad SAXS primary peak seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Energy filtered transmission electron microscopy (EFTEM) analysis indicates the various morphologies of the moisture annealed pNeh~*m*~-*b*-pNpm~*n*~ drop-casted thin films: (a) pNeh~9~-*b*-pNpm~9~, (b) pNeh~18~-*b*-pNpm~18~, (c) pNeh~26~-*b*-pNpm~10~, and (d) pNeh~30~-*b*-pNpm~6~. The dark microphases comprise phosphonated blocks (pNpm), the bright microphases comprise pNeh blocks, and the scale bar is 50 nm for all images. The dark circles represent gold nanoparticles (∼5 nm) used as fiducial markers for TEM imaging.](ma-2016-00353x_0005){#fig4}

Returning to the SAXS data ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), we see that the lamellar morphology is obtained in all the samples with *m* + *n* = 36 in the wet state. The ordered morphologies in the wet state are generally better defined than in the dry state. For example, the higher order peaks at 4*q*\* and 5*q*\* are seen in the wet pNeh~26~-*b*-pNpm~10~ sample with ϕ~Npm~ = 0.23 but are absent in the dry state. The reduced intensity of the 2*q*\* peak in the pNeh~18~-*b*-pNpm~18~ sample suggests that ϕ~Npm.wet~ must be in the vicinity of 0.5. This is consistent with estimates of ϕ~Npm,wet~ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The SAXS patterns of pNeh~30~-*b*-pNpm~6~ in the dry and wet states are similar except for the low-*q* shoulder that appears in the wet state. All primary peaks shift to a lower *q*\* values in the wet state, indicating an increase in *d* in wet state. Interestingly, in the wet pNeh~9~-*b*-pNpm~9~ sample (*m* + *n* = 18) (ϕ~Npm,wet~ = 0.60), a primary peak at *q* = *q*\* and higher order peaks at *q* = √3*q*\*, 2*q*\*, and 3*q*\* are visible, indicating the presence of hexagonally packed cylinders. This is in contrast to what is typically observed in uncharged block copolymers: samples with symmetric composition (i.e., with the volume fraction of each block in the vicinity of 0.5) exhibit a lamellar morphology, in the dry state or when swollen with selective solvents.^[@ref47],[@ref49],[@ref50]^ The presence of a cylindrical morphology in hydrated pNeh~9~-*b*-pNpm~9~ is thus interesting. Such morphologies have been seen before in nearly symmetric sulfonated block copolymers^[@ref24]^ and are predicted by theories on charged block copolymers.^[@ref51],[@ref52]^ In these systems,^[@ref24],[@ref54],[@ref55]^ the charged block forms the matrix. We thus expect the matrix of wet pNeh~9~-*b*-pNpm~9~ to comprise hydrated pNpm, while the cylinders are expected to comprise dry pNeh chains. Another point worth noting is that the higher molecular weight sample with the same composition, pNeh~18~-*b*-pNpm~18~, exhibits a lamellar phase in the wet state. It is evident that the set of peptoid block copolymers used in this study present a wide variety of morphologies in the hydrated state.

![Proton conductivity plots of pNeh-*b*-pNpm as a function of ϕ~Npm,wet~ at RH = 98% and 25 °C. The conductivity of the sample with ϕ~Npm,wet~ = 0.22 was below the limit of detection and we thus can only provide an upper bound for the conductivity, 1.5 × 10^--7^ S/cm.](ma-2016-00353x_0006){#fig5}

The proton conductivity (σ) of the block copolymers equilibrated in humid air with RH = 98% was determined as a function of ϕ~Npm,wet~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Note that the hydration number in all of the samples including pNeh~30~-*b*-pNpm~6~ were similar: λ = 7.8 ± 1.4. The conductivity of hydrated pNeh~30~-*b*-pNpm~6~ was below the detection limit of our instrument (about 1.5 × 10^--7^ S/cm). We can thus only provide an upper bound for the conductivity of this sample. The conductivities of the other samples were above 10^--3^ S/cm. The most conductive sample exhibits a proton conductivity of 8 × 10^--3^ S/cm, a remarkably high value considering that λ is only 9.2. It is likely that there are two possible reasons for the sharp increase in conductivity as ϕ~Npm,wet~ increases from 0.22 to 0.39: (1) the morphology of the ionic microphase undergoes a percolation transition, or (2) the mixing of pNeh segments in the pNpm-rich domains interferes with ion transport.

![(a) Estimated conductivity of hydrated pNpm domains, σ~c~, with hydration number, λ = 8.1 ± 1.1, obtained from block copolymers equilibrated in humid air at 25 °C with RH = 98% as a function of the number of repeat units in each pNpm block, *n*. The solid line represents a linear fit. (b) σ~c~ as a function of λ (data of conducting samples in part a). The dashed curve represents the proton conductivity of aqueous H~3~PO~4~ as a function of λ, taken from ref ([@ref53]).](ma-2016-00353x_0007){#fig6}

The conductivity of ordered block copolymers with one conducting block, σ, is often described by the equation^[@ref54]−[@ref56]^where *f* is the morphology factor related to geometry of the conducting phase, ϕ~c~ is the volume fraction of the conducting phase, and σ~c~ is the intrinsic conductivity of the conducting phase. We assume that ϕ~c~ = ϕ~Npm,wet~. In the case of pNeh~18~-*b*-pNpm~18~ and pNeh~26~-*b*-pNpm~10~, *f* is 2/3 (lamellar conducting domains), while in the case of pNeh~9~-*b*-pNpm~9~, *f* is 1 (conducting phase is the matrix of a hexagonally packed cylinder morphology). We take σ~c~ of pNeh~30~-*b*-pNpm~6~ to be zero. The value of σ~c~ corresponds to the estimated conductivity of hydrated pNpm domains with λ = 8.1 ± 1.1; small differences in λ between samples will be discussed shortly. To a good approximation, σ~c~ is a linear function of *n* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Similar trends have been observed in other charged block copolymers; the intrinsic conductivity of block copolymer domains increases with increasing chain length. One of the factors that contribute to this effect is segregation strength. As segregation strength increases, the microphases become more sharply defined; i.e., the concentration of nonconducting chains in the conducting domains decreases. One expects segregation strength to increase with increasing chain length at constant block copolymer composition. The data in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a are consistent with this expectation.

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, we compare the intrinsic conductivity of the hydrated pNpm-rich domains in the block copolypeptoid, σ~c~, with the conductivity of aqueous phosphoric acid (H~3~PO~4~) solutions at the same value of λ taken from ref ([@ref53]). The intrinsic conductivity of our copolymer with the highest conductivity (pNeh~18~-*b*-pNpm~18~) is about an order of magnitude lower than that of phosphoric acid. Since the conductivity of phosphoric acid solutions represents an upper limit for the intrinsic conductivity of hydrated microphases with phosphonic acid groups, the maximum attainable value of σ~c~ is between 0.15 and 0.25 S/cm. It may thus be possible to improve the conductivity of phosphonated block copolymers by as much as an order of magnitude by increasing segregation strength or by designing other phosphonated polymers.

Conclusion {#sec4}
==========

A series of novel phosphonated diblock copolymers poly-*N*-(2-ethyl)hexylglycine-*block*-poly-*N*-phosphonomethylglycine (pNeh-*b*-pNpm) with dispersity ≤1.0003 were synthesized by solid-phase synthesis. The morphologies of the block copolypeptoids were determined by SAXS and TEM. In the dry state, the sample with ϕ~Npm~ = 0.13 was disordered while others exhibited lamellar morphologies. In most cases, the morphologies of the dry and hydrated sates were similar, except for pNeh~9~-*b*-pNpm~9~, which exhibited a cylindrical morphology in the hydrated state. The hydration numbers (λ) of the pNeh-*b*-pNpm membranes equilibrated in air with RH = 98% were comparable (was 8.1 ± 1.1 water molecules per phosphonate group), but proton conductivities were widely different. The disordered sample was an insulator (conductivity \<10^--7^ S/cm) while conductivities as high as 0.008 S/cm were obtained in the ordered samples. The estimated intrinsic conductivity of hydrated pNpm microphases increases linearly with the degree of polymerization of the pNpm block. The high molecular weight, symmetric pNeh-*b*-pNpm sample exhibited maximum conductivity.

The results of this study provide the basis for the design of proton-conducting phosphonated polymer electrolytes with higher conductivity. Peptoid block copolymers provide a novel platform for studying the relationship between molecular structure and transport. The ability of phosphonate-containing copolymers to conduct protons at low degrees of hydration makes them particularly attractive for electrochemical applications.
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